We utilize 100 fs optical pulses to induce ultrafast disorder of 35-to 150-nm thick single Au(111) crystals and observe the subsequent structural evolution using 0.6-ps, 8.04-keV X-ray pulses. Monitoring the picosecond time-dependent modulation of the X-ray diffraction intensity, width, and shift, we have measured directly electron/phonon coupling, phonon/lattice interaction, and a histogram of the lattice disorder evolution, such as lattice breath due to a pressure wave propagating at sonic velocity, lattice melting, and recrystallization, including mosaic formation. Results of theoretical simulations agree and support the experimental data of the lattice/liquid phase transition process. These time-resolved X-ray diffraction data provide a detailed description of all the significant processes induced by ultrafast laser pulses impinging on thin metallic single crystals.
We utilize 100 fs optical pulses to induce ultrafast disorder of 35-to 150-nm thick single Au(111) crystals and observe the subsequent structural evolution using 0.6-ps, 8 .04-keV X-ray pulses. Monitoring the picosecond time-dependent modulation of the X-ray diffraction intensity, width, and shift, we have measured directly electron/phonon coupling, phonon/lattice interaction, and a histogram of the lattice disorder evolution, such as lattice breath due to a pressure wave propagating at sonic velocity, lattice melting, and recrystallization, including mosaic formation. Results of theoretical simulations agree and support the experimental data of the lattice/liquid phase transition process. These time-resolved X-ray diffraction data provide a detailed description of all the significant processes induced by ultrafast laser pulses impinging on thin metallic single crystals.
ultrafast X-ray diffraction | laser-induced phase transition | coherent phonon | annealing | grain growth L attice disorder and phase transition in metal, semiconductor, and alloy are of vital importance in both fundamental science and technology. Irradiation with femtosecond laser pulses induces lattice disorder (1), which could be (i) a purely electronic nonthermal order-disorder process by injecting carriers into bulk semiconductor crystals, such as Si (2, 3) and GaAs (4, 5) within 1 ps; (ii) a purely thermal-disorder thermal process that depends on electron/phonon, phonon/phonon, and phonon/lattice interaction time in metal films, especially in noble metals, such as Au (6, 7) ; (iii) a combination of thermal-and nonthermal-disorder with the ratio depending on the laser fluence (8) . When the laser fluence is sufficient, the phase transition from solid to liquid will occur and the melting process is considered to involve both thermal and nonthermal processes, whereas in gold (9-11) and aluminum films, which is the dominant process is still under debate (12) (13) (14) . The laser heating and melting of the gold film studies presented in this paper were induced by low excitation levels, therefore the electronic effects on the stability of the lattice are not expected to occur (15) , which is in contrast to the high excitation levels used for electronic hardening in gold (10) .
In this paper, we describe experiments that utilize subpicosecond time-resolved X-ray diffraction (XRD) to measure directly the transient changes in the crystal structure induced by 400-nm, 100-fs laser pulses impinging upon the surface of 35-, 70-, and 150-nm-thick Au(111) single-crystal films. The experiments presented here may be assigned to a weak excitation region, at fluence lower than 15 mJ∕cm 2 , where the blast wave and coherent phonons were observed, and a strong excitation region, at fluencies of 37 mJ∕cm 2 and above, where melting occurs. In addition, a pressure blast wave, formed immediately upon excitation, induced lattice contraction (16) that propagated through the bulk of the crystal at sonic velocity, generating stress and the wellknown sonic wave. We will show that, in gold films much thicker than the optical penetration of the laser pulse, periodic damped expansion and contraction of the lattice are induced after laser irradiation, and this periodic oscillation rate is determined by the thickness of the crystal and the propagation velocity of the force waves. Melting of Au(111) crystal is observed by a sudden steep decrease in the diffraction intensity, followed by grain formation with an Arrhenius expression-type increase in the XRD rocking curve intensity and subsequent mosaic block crystal formation evidenced by an increase in the integrated diffraction intensity above the original single-crystal intensity, until it cools and anneals to the intensity of the original crystal. Theoretical simulations presented support the melting and annealing experimental results.
Results and Discussion
The disorder of the crystal after UV irradiation is detected by changes in the XRD rocking curve including peak shift, broadening, peak diffraction intensity, and total diffraction intensity changes. We measured both uniform and nonuniform strain in the direction of the X-ray reflection, induced by either thermal or electronic forces: (i) If a uniform compressive strain is applied to the crystal, the lattice spacing between reflecting planes becomes smaller than the original equilibrium spacing d 0 ; therefore, the corresponding diffraction line shifts to bigger angles, but does not change the line width or the diffraction intensity. (ii) If the lattice is bent by the one-dimensional model and the strain is nonuniform, on the tension side the plane spacing is larger than d 0 , on the compression side is smaller than d 0 , and in some place is equal to d 0 . Therefore, it is expected that the diffraction line will be broader and the peak diffraction intensity will decrease, if the whole crystal is monitored by XRD. However, it is noted that, although the whole crystal is in a disorder state, the lattice structure remains periodic in a small region, therefore the total diffraction intensity does not decrease more than 5%, although the peak diffraction intensity drops dramatically. (iii) The DebyeWaller factor is a reflection of both uniform and nonuniform strain. Increasing the crystal temperature will result in an increase in thermal motion of the atoms, therefore the unit cells will expand and the plane spacing changes may be estimated by the thermal expansion coefficient. At the same time, slight increase in the line width and gradual decrease in the intensity of the diffraction peaks would be expected. (iv) Melting-the diffraction curves observed are sharp and intense right up to the melting point. Under thermal or electronic melting, the local periodicity of the lattice collapses and therefore the diffraction intensity drops dramatically and approaches zero (13) . To whom correspondence may be addressed. E-mail: jiec@sjtu.edu.cn, jautang@ gate.sinica.edu.tw, or pmrentze@uci.edu 20-nm-thin Al film (the optical length is 8 nm) (18, 19) ; tentative theoretical studies based on the two-temperature model (TTM) and the Fermi-Pasta-Ulam anharmonic chain model have been used to explain the experimental coherent lattice vibration (20, 21) . Damping of coherent acoustic oscillations in a femtosecond laser-heated 400-nm crystalline germanium film (the optical length is around 200 nm) has been measured by time-resolved XRD (22) . In both cases, with the sample thickness comparable to the optical absorption depth, the overall effect of the acoustic wave is the expansion of the lattice. In a recent report (23) , the oscillation of the lattice changes are applied to disentangle electronic and thermal pressure contributions to femtosecond laserinduced lattice expansion in 90-nm gold single-crystal. In this study, we have observed similar lattice breath in gold crystal with thickness of 2-8 times the optical skin depth (16.9 nm), which is represented as the shift of the rocking curve shown in Fig. 1 . It has been shown previously that, for gold thin crystal, the maximum shift of the rocking curve depends linearly on the irradiation fluence (16) . However, for the same thickness, the laser fluence does not affect significantly the period of the coherent phonon oscillation. It is also clearly shown in Fig. 1B that the shift and the broadening of the rocking curve follow a similar periodic trend. The periods T could be calculated by the longitudinal velocity of the acoustic wave in solid gold (v l ðsÞ ¼ 3;050 m s −1 ) (7) and the thickness L of each crystal by T ¼ 2L∕v l , with the unexcited mica substrate as the energy damped sink. It is noted that, in the recent report, the longitudinal velocity in gold is taken as v l ðsÞ ¼ 3;690 m s −1 for Au(111) plane (23) . Therefore, for 35-, 70-, and 150-nm gold single crystals, the periods of the coherent lattice vibration are estimated to be 23, 46, and 98 ps, respectively, which is slightly shorter than the period measured experimentally because of the damping of the coherent acoustic oscillations (Fig. 1) . The time needed to reach the maximum expansion has been measured to be longer than half of the damped oscillation period. For example, for 70-nm Au(111) crystal, the shift of the lattice takes approximately 27 ps to climb the peak and approximately 23 ps to drop to the valley. This difference is due to the onset of the expansion of the lattice, which has been observed in Ge to be a fluence-dependent delay and become shorter at higher excitation levels, where the delay onset was explained by delayed heating times aroused from nonradiative Auger recombination (22) . However, in the case of gold, we interpreted the delay of the onset by the combination of the influence of both blast wave and acoustic wave, which have the same sonic velocity but different phase. The blast wave, as a compressive wave, acts on the crystal before the acoustic wave, which behaves as contraction initially (16), then as expansion due to the launch of the larger amplitude acoustic wave. The influence of the blast wave is small compared to the acoustic wave, and therefore it is easy to be masked and taken as the onset of the expansion.
Melting and Annealing. At high excitation fluence, melting of the gold crystal may occur near or above its melting point of 1,337.33 K. Time-resolved electron diffraction, X-ray scattering, and optical spectroscopy techniques (7, (24) (25) (26) (27) (28) (29) have been applied by previous investigators to study the melting process of gold nanocrystals. In this study, we report the observation of melting, annealing, and recrystallization of gold single crystal under femtosecond irradiation. We gradually increased the laser pulse illumination intensity until melting of the crystal surface was detected. We measured the XRD intensity as a function of time, keeping the excitation energy and intensity below the damage threshold. At times before excitation, the XRD signal is in all aspects the same as the one observed at room temperature without any irradiation. As the time delay was increased to a few picoseconds after excitation and the energy of the laser pulse becomes sufficient to melt but not damage the crystal, a sharp decrease in the total XRD intensity was observed within 5 ps after irradiation of the 150-nm Au(111) crystal. It was followed by an increase in the diffraction intensity after approximately 5 ps, which continued to increase for 40 ps after excitation, and recovered to its original diffraction intensity after more than 100 ps (Fig. 2) . The diffraction signal taken 10 min after the crystal is cooled is the same as the one measured before excitation, at the start of the experiment, which suggests that the gold crystal remains intact and without damage throughout the experiment. The entire process is attributed to melting and annealing of gold crystal, which generally consists of three stages: (i) the recovery phase-melting or softening by removal of crystal defects which cause the internal stresses inside the crystal; (ii) the grain growth phase-if the lattice temperature is kept under annealing condition, grain growth will occur and the microstructure will start to coarsen and induce new internal stresses; (iii) the recrystallization phase-the new strain-free grains nucleate and grow to replace those deformed by internal stresses.
The sharp decrease in XRD intensity is attributed to melting or premelting of the Au(111) crystal. Because the illumination energy is limited, the ultrafast melting/premelting process occurs only in the area within the optical path length (16.9 nm), while the X-ray pulse probes the entire 150-nm-thick gold crystal. Consequently, only a small fraction (ca. 11%) of the X-ray intensity is expected to be affected by surface melting. Our experimental data show a decrease in the diffraction intensity of 6-8%. The rate of melting process was estimated from our data to be 3 × 10 11 s −1 , which is in agreement with the previously reported values for thermal melting (27) . Based on phonon/phonon and phonon/lattice interaction rates, which are in the 10 11 s −1 rate, and our XRD data, we assign the observed processing to thermal melting, rather than electronic melting. Computer simulations presented later in this paper support the experimental data and conclusions.
The increase in the XRD intensity from 92-94% at approximately 7 ps up to 113-116% at 40 ps after excitation is attributed to recrystallization, mosaic crystal formation, and softening of the inner crystal. For phonon t G ¼ t K ∼ 5 ps in graphite and graphene (30) , and for silicon 2Γ ¼ 0.48 cm −1 , where Γ ¼ 1∕τ (31); homogeneous melting was observed in epitaxial Ag(001) films in the first few picoseconds after excitation with a femtosecond laser pulse (32) . We observe that, after approximately 10 ps, the surface heat energy and acoustic wave cause lattice temperature increase in the crystal, through phonon/phonon interaction. However, the excitation pulse energy that we used is neither enough to penetrate throughout the crystal nor sufficient to melt the entire crystal. Therefore, only a softening of the interatomic potential of the inner areas of the crystal is expected (33) . Generally speaking, materials become softer after excitation heating and, if the lattice temperature is close to the melting point and is maintained for a period of time, the lattice will anneal, recrystallize, and form a mosaic crystal structure due to strain-free crystallization, which may give higher XRD intensity than the original single-crystal structure when measured with an X-ray beam that is not perfectly collimated and has also a certain wavelength distribution. In fact, Fig. 2 shows higher diffraction intensity as the crystal cools off after melting.
It is to be noted that the 55-keV electron diffraction (ED) intensity of a 20-nm freestanding polycrystalline gold film was found to increase after excitation with 2.85-MJ∕kg pulse (10). This increase in ED intensity of the liquid peak and thermal diffuse scattering is attributed to the increased lattice stability under high effective electronic temperatures, which result from the strong correlation between lattice bonding and electronic structure. However, the XRD increase we observed is different from this ED increase in several ways: (i) onset time. The ED increase occurs immediately after excitation, with a formation lifetime of 1-4 ps depending on the excitation energy from 47 to 110 mJ∕cm 2 . The XRD intensity increase we observed is right after a decrease in intensity due to melting process and has a much longer formation lifetime (ca. 8 
ps). (ii) Excitation energy:
ED utilized 6-14 times more light energy than the energy necessary to melt the entire 20-nm sample starting from room temperature. However, we applied 37 mJ∕cm 2 to melt the surface of the 150-nm Au(111) crystal. (iii) Signal source: The ED intensity increase is due to the rise in the liquid phase, whereas the XRD increase is the result of the rise in crystalline structure of the gold crystal. Therefore, we believe the increase of XRD signal is because of the recrystallization of the melted crystal and also the microstructure rearrangement of the softened inner crystal, instead of the abnormal hardening of the lattice that was found in ED studies (10) .
The time for the melting observed in this experiment, ca. 8 ps, is shorter than the 12-18 ps observed in the 20-nm gold single crystal using 3.5-MeV electron diffraction (11), which could be explained by the difference in sample thickness. In the 3.5-MeV ED experiment, the 800-nm excitation penetration depth is 7-8 nm. Considering the fast electron/electron coupling and ballistic electrons, which have a mean free path of 100 nm, the whole crystal was considered to achieve homogeneous temperature. In addition, the experiments were performed in high vacuum with free-standing crystal or samples on carbon/Formvar film of low thermal conductivity. Under this condition, the recrystallization process did not occur until the deposited energy was transferred to the environment by heat diffusion. As a result, the recrystallization process could not be captured by electron diffraction in the picosecond range or be masked by the steep decrease in diffraction intensity due to the melting of the whole crystal. For the experiments presented here, the 400-nm excitation light penetrates gold to a depth of 16.9 nm, which is much shorter than the 150-nm crystal thickness. In addition, the laser energy deposited is sufficient to melt only 7% of the crystal. Therefore, the effective lattice temperature at the surface will decease while the absorbed energy is transferred to the interior area by phonon/phonon interaction. As the lattice temperature decreases below the melting point, recrystallization starts at the surface of the crystal, while a portion of the interior crystal reaches the phase transition threshold and starts to melt. This dynamic recrystallization process involves both the deformation of the crystal interior and the crystalline recovery of the skin.
Grains are microscopic crystals held together through the boundaries where crystals of different orientations meet. The crystals at each side of the boundary are identical except the orientation is different. As the temperature in the metal decreases, nucleation starts, the grains increase in size, the boundaries decrease in number, the rate of crystallization decreases, the orientation diminishes, and consequently, the diffraction rocking curve intensity increases.
Using the time-resolved XRD system, which was described previously, we followed the change in the structure of the Au (111) as a function of time (picoseconds) from 298 K through contraction (16) and expansion, melting, and recrystallization. During the crystallization process, any deformed grains that may remain are replaced by new crystallites, which nucleate and grow as the melted gold metal cools below the minimum nucleation temperature. The seed for crystallization is provided by the nonmelted Au(111) crystals lying just below the melted region of the sample. Nucleation is considered to be the initial process of recrystallization, which requires a minimum temperature below melting to start. In our time-resolved XRD experiments, the sample is initially at room temperature then heated by an ultrafast pulse that only heats the upper layer(s), resulting first in contraction. As the power of the laser pulse increases, with the pulse width remaining constant at 100 fs, the temperature reaches the melting point and the region of the sample that absorbs the light melts. Consequently, the diffraction intensity diminishes. As the melted metal cools and the temperature reaches the minimum temperature required for nucleation, nucleation is observed and crystallization continues to grow with an Arrhenius increas- ing rate. Fig. 2 shows the crystal growth in the form of XRD intensity vs. time (picoseconds). This plot follows quite closely the Avrami relationship that describes the kinetics of crystallization; our computer simulations (Fig. 2) show that, 3 ps after excitation, melting is initiated and the minimum XRD intensity corresponding to the maximum fraction of the crystal being melted is at 13 ps. From 10 to about 20 ps after excitation, grain crystal growth is observed, followed by impingement of grains and mosaic crystal formation. As recrystallization proceeds, the grains grow and form blocks of mosaic crystal with dimensions of approximately 10 −5 cm and tilted to each other by fractions of a minute of arc. Because of the loss of coherence between the diffracted waves from the different mosaic blocks, the total diffracted intensity is the sum of all the intensities diffracted by each mosaic block. Therefore, the mosaic intensity may exceed the intensity of the original crystal (Fig. 2) . The increase in intensity above that of the original crystal is therefore attributed to mosaic crystal formation. As the crystal is annealed, in time, the mosaic crystals "fuse" into a single-orientation, single-crystal structure that is the same as the original. This transformation of the mosaic blocks into single-crystal formation is shown in Fig. 2 , from approximately 40 ps, where the mosaic crystals are at maximum abundance, to 100 ps, when single-crystal growth dominates and the integrated diffraction intensity becomes the same as that of the original single crystal. These time-constant differences appear to be caused by retardation due to timescale for crystallization from mosaic crystals to a large single crystal that is the same as the remaining nonmelt crystal substrate.
Computer Simulation Model of Laser Heating. To model laser heating of metallic thin films by femtosecond laser pulses, the twotemperature model (the electron and phonon temperature subsystems) has been used. According to the TTM, the evolution of the electron temperature T e ðz;tÞ and the phonon temperature T L ðz;tÞ follows Eq. 1 TL(z,t)-: At low laser excitation fluence, a valid approximation is to assume that the electron/phonon coupling g is a constant, the specific heat C e for the electrons has linear dependence on electron temperature, and the electronic thermal conductivity κ e is approximated by K e T e ∕T L (34). Such simple temperature dependence was shown to be inaccurate for electron temperature beyond 3, 000 K (35). In our experiments, using fluence of 37 mJ∕cm 2 and reflectivity R of 25% at 400-nm excitation, the electron temperature could reach over 10 4 K and the lattice could be heated over 10 3 K with some surface layers heated above the 1,338 K melting point of gold. Therefore, the simple temperature dependence based on the TTM is insufficient. To compare the experimental data for laser heating at a large fluence with model simulations using TTM, more accurate temperature-dependence modeling C e , κ e , and g needs to be considered. In our simulations, we used the revised temperature-dependence results reported for g (36) and C e (37) . For κ e in gold, by taking into account the effects of electron/electron and electron/phonon scattering on the electron relaxation time (34, 36) , which result in a decrease of the thermal conductivity at a very high temperature, we used We also employed the fourth-and third-order Padé approximation for the electron/phonon g and C e , respectively,
A 2 ðnÞðT e ∕10 4 Þ n ; Fig. 3 . It is noted that both C e and g increase with the electron temperature but not linearly, and κ e first increases then decreases as the temperature becomes higher than about 2,000 K. The differential Eq. 1 with a continuous variable in space was solved numerically with discrete lattice points (20) , with lattice space of the gold lattice constant. Using Eqs. 2-4 for the relevant temperature-dependent coefficients, we have calculated the electron and phonon temperature distribution of laser-heated, singlecrystal gold films. In our simulation, we used 150-nm-thick film, at 400 nm, 100 fs FWHM pulses, a fluence of 37 mJ∕cm 2 , and R ∼ 25%. The parameters used are as follows: lattice constant 0.4786 nm; four gold atoms per unit cell; atomic mass 32.76 × 10 −26 kg; and specific heat for phonons 2.5 × 10 6 Jm −1 K −1 . At 300 K, the reduced C e at 67.0 Jm −3 K −2 , the electron thermal conductivity at 318 Wm −1 K −1 , and g at 2.61 × 10 16 Wm −3 K −1 were used. The values at higher temperatures were obtained using Eqs. 2-4.
The two-dimensional plot of the temporal and spatial profiles for the electron and phonon temperature are given in Fig. 4 . Heating of electrons is almost instantaneous, reaching a maximum of about 10 4 K at a laser fluence of 37 mJ∕cm 2 . In contrast, phonons reach maximum temperature of about 1,400 K in about 17 ps, owing to the much larger heat capacity of the electrons and therefore slower electron/phonon interactions.
At the laser fluence of 37 mJ∕cm 2 (Fig. 5A) , melting of the very first top surface layers occurs in about 9 ps, and the temperature of those melted atoms drops below the melting point at about 26 ps. The maximum percent of melted gold layers is about 5% and occurs at about 15 ps. These results are in reasonably good agreement with our experimental results. The onset time of melting occurs slightly earlier at a larger fluence (for example, Fig. 3 . Temperature dependence of κ e , g, and C e according to Eqs. 2 and 3.
at 39 mJ∕cm 2 ), and the time for all melted atoms to cool below the melting point occurs slighter later. However, as shown in the inset of Fig. 5B at fluence below 35 mJ∕cm 2 , no melting occurred. These simulated results are consistent with our experimental observations where no melting was detected at this reduced fluence. As the gold crystal melts, there is loss in crystallographic structure and the total integrated X-ray intensity of the diffracted spot decreases, accordingly. The melted layers cool slowly, as the heat being thermally conducted to other layers and the recrystallization process starts.
To simulate the temporal changes of the integrated X-ray intensity for the single-crystal film, we consider the following simple, coupled-rate equations: 4] where N m ðtÞ describes the population change of the melted layers after reaching the peak at 15 ps, as illustrated in Fig. 4A . The above equation describes subsequent cooling after melting to the biphase solid-liquid state with population y 1 ðtÞ, followed by formation of mosaic crystal grains with population y 2 ðtÞ, and then annealing. In Fig. 2 , we show the experimental data curve for the temporal behavior of the integrated X-ray intensity versus the simulated result. The initial drop bellow 0% is due to melting and the increase above the baseline at 0% is due to formation of mosaic crystal grains. In the simulation, we use γ ¼ 0.065 ps −1 α ¼ 0.04 ps −1 and a scaling factor of 7.2 for the enhanced X-ray intensity from the mosaic crystal grains.
Conclusion. We conducted an experimental and computer simulation study of a single-crystal metal that monitored and detected directly the changes in the structure during femtosecond heating, as a function of time starting with photon/electron and electron/ phonon coupling through phonon/lattice interaction, contraction, melting, nucleation, recrystallization, and mosaic crystal formation. In addition, the formation and propagation of the blast force and sonic wave have been observed, as described previously.
Materials and Methods
The experimental setup has been reported previously (16, 38) , where t ¼ 0 defines the time when both X-ray and optical pulses overlap with each other on the sample. The Au(111) crystals under investigation in this study are 35-, 70-, and 150-nm thick, grown on mica substrate, and the Au(111) plane Bragg angle for CuKα reflection is 19.1°. 
